1376
Salt Management Workshop Proceedings

i i Managing Saline
ggﬂsﬂfaerﬁgggﬁeéﬂn and Sodic Soils for
Soil and Water for Eer(’[j'UCIII’:g "
Producing orticultural Crops

Horticultural Crops:
Introduction to the
Workshop

Alexander A. Csizinszky

Charles A. Sanchez and
Jeffrey C. Silvertooth

Applyin

Peg eregntial Flow
Concepts to
Horticultural Water
Management

New Insights in
Plant Breeding
Efforts for Improved
Salt Tolerance

Michael C. Shannon Johin S. Selker

(—1udy “(2)9 ‘oA ‘HOALLMOH woy siuuday

PIEZC VA BUPUBXS[Y ‘20USIOS [EI[NOIMOH 10§ AIRID0S UBSLISUIY 31 Jo UOREdNqnd V
9661 auny



Salt Management Workshop
Proceedings

Considerations for
Salt Management in
Soil and Water for
Producing
Horticultural Crops:
Introduction to the
Workshop

Alexander A. Csizinszky'

n nonhalophytic plants, saline condi-
tions reduce vegetative growth and
yields. Salt stress effects on plants from
soil (>4 dS-m~ EC and <15% exchange
able Nat) or fiom saline (brackish) irrigation
water (>4 ¢S-m~ EC) may be divided into three
broad categories: 1) osmotic effects, 2) specific ion
effects, and 3) interference with the uptake of essen-
tial nutrient ions (Hausenbuiller, 1972). Generally
salts, once introduced, accumulate in the upper soil
profile when they are transported by upward capil-
lary movement of water, which evaporates, and
when rainfall and irrigation are insufficient to leach
salts to lower soil depths (Suarez, 1992). Thus, soil
salinity is a particularly severe problem in the arid
and semi-arid zones of the world or in areas where
only poor-quality water is available for irrigation
(Hamdy et al., 1993; Rowley, 1993; Satti et al.,
1994). In the coastal areas of the United States, the
gradual intrusion of seawater into the fresh-water
aquifers threatens water supplies for agricultural,
industrial, and municipal users (Cole, 1993).
Crops grown on saline soils or irrigated with
salinewater requiredifferent management and irriga-
tion methods than plants in nonsaline soils or irri-
gated with good-quality water. For example, in soils
that have >15% exchangeable Nat, plants require
soluble Ca fertilizers to remedy ionic imbalances,
which adversely affect their growth and development.
Selecting crops and cultivars that can tolerate saline
conditions and may produce economically accept-
able yields is very important. Plants in the same
family, or even the same species, react differently to
saline conditions. For example, in Cruciferae, the
order from highest to lowest tolerance to balanced
fertilizer salts was cabbage>cauliiower > broccoli >
kohlrabi (Csizinszky, 1979), and, in Leguminosae,
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the order was green pea > faba bean > soybean >
green bean (Delgado et al., 1994). In Solanaceae,
differences to salt stress among tomato cultivars
were reported by Perez-Alfocea et al. (1993) and
among eggplant cultivars by Zurayk et al. (1993).

Many plants have salt-sensitive stages during
theirdevelopmentwhenirrigation  bysainewatershould
beavoided.Germinatingseedsandyoungseedlingsare
particularly sensitive to salt stress, and irrigation with
saline water during thesestages is harmful. Hamdyetal.
(1993)recommended irrigationwith good-qualitywater
during the salt-sensitive stages of growth, followed by
saline water during later growth stages, when good-
quality water may be scarce for irrigation purposes.

Althoughconsumptiveuseofwaterbyagriculture
and industry has declined since the mid-1980s the
demand for food, water, and land by an ever-growing
population has increased (Solley, 1993; Suarez, 1992).
Under these conditions, the - knowledgeofcropmanage
ment on marginal lands, an understanding of irrigation
management with brackish water, and crop selection for
saline environmental conditions will increase in impor-
fance for horticulturists.

In the following articles, some soil and crop
management methods, breeding and selecting
plants for salt tolerance, and aspects of water and
solute transport in soils are discussed.
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New Insights in
Plant Breeding
Efforts for Improved
Salt Tolerance

Michael C. Shannon’
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Summary. The lack of improvement for salt
tolerance has been attributed to insufficient
genetic variation, a need for rapid and reliable
genetic markers for screening, and the
complexities of salinity x environment
interactions. Salt tolerance is a quantitative
characteristic that has been defined in many
ways subject to changes with plant development
and differentiation; thus, assessing salt
tolerance among genotypes that differ in growth
or development rate is difficult. Salt tolerance
also varies based on concentrations of major
and minor nutrients in the root zone. Plant
growth models may provide a method to
integrate the complexities of plant responses to
salinity stress with the relevant environmental
variables that interact with the measurement of
tolerance. Mechanistic models have been
developed over the last few years that are
responsive to nitrogen or drought stress but not
to salinity stress. Models responsive to salinity
stress would provide insights for breeders and
aid in developing more practical research on the
physiological mechanisms of plant salt
tolerance.

alinity reduces vyield and di-
minishes quality in fruit and
vegetables. Historically, efforts
to manage high salinity in soil
or water has been through crop
substitution and agromanagement. Crop substitu-
tion, or replacing salt-sensitive crops with more
tolerant ones, has been practiced from the dawn of
agriculture (Shannon, 1987) and is still probably
one of easiest and most practiced strategies for
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dealing with salinity. When high-quality water is
not available for irrigation and leaching, crop
substitution has been the main approach to deal-
ing with salinity. More salt-tolerant crops are
substituted for salt-sensitive species. Thus, barley
may be substituted for wheat, cotton for corn,
sugar beet for lettuce, etc. Unfortunately, most
vegetable crops are more sensitive to salt than
most field crops. Harvest quality usually has a
more significant impact on marketable yield of
horticultural crops than field crops. The salt-toler-
ance tables developed by the U.S. Salinity Labora-
tory have been valuable guides for extension per-
sonnel and growers in determining which crops
can be grown based on the expected soil salinity
(Maas, 1990; Maas and Hoffman, 1977).

Agromanagement techniques that minimize
and avoid salinity effects include leaching, deep
plowing, applying amendment and carefully choos-
ing fertilizer sources, installing drainage, land
leveling, and irrigation technologies. Other man-
agement options include using drip or sprinkler
irrigation to improve water application efficiency
and elaborations in bed formation and planting
design to facilitate removal of accumulated salts
from the areas in which roots are developing and
extracting water (Rhoades, 1993). Somestrategies
that have not been adequately researched involve
manipulating population densities to improve plant
stand and applying nonsaline or more saline water
dependent on variable salt tolerance with growth
stage.

More recently, crop breeding and genetic
manipulation, using tools such as tissue culture
and molecular biology, have been proposed as
adjunct strategies to deal with salinity. Past work
has shown that different crop species vary with
respect to at least two of their parameters of salt
tolerance-the salt tolerance threshold and yield
decline beyond that threshold (Maas and Hoffman,
1977). These parameters reflect the simplest way
to conceptualize the effects of salt on yield.

In the last 2 decades there has been great
interest in breeding plants for improved salt toler-
ance (Shannon, 1979; Shannon and Noble, 1990).
Strategies that have been tried or suggested in-
clude conventional screening, selecting and breed-
ing with established cultivars, introducing high
salt tolerance in cultivated species through intro-
gression with tolerant wild relatives, or domesti-
cating salt-tolerant wild or halophytic species
through the genetic improvement of agronomic or
horticultural characteristics. Some of these efforts
have resulted in limited success but major ad-
vances have not been noted.

Examples of screening or selection criteria
that have been tried include selection during ger-
mination or emergence, resistance to salinity-
induced reductions in plant height or weight, and
maintenance of high yield or quality under salt
stress and plant survival (Shannon and Noble,
1990). Extensive efforts have also been made to
identify reliable physiological or biochemical mark-
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ers for salt tolerance. These markers include ex-
clusion of ions (Na, Cl) from shoots or specific
tissues, maintenance of nutrients (K, Ca, Mg, P,
NO,), and ion selectivity (high K/Na,Ca/Na, or
NO,/CI ratios) (Cheeseman, 1988; Jeschke, 1984;
Shannon, 1979, 1982). Accumulated metabolic-
compatible solutes such as proline, glycinebetaine,
and certain sugars and alcohols have also been
proposed as indices for high salt tolerance, but the
evidence that accumulation of compatible solutes
offers a quantitatively measurable improvement in
salt tolerance has not been universally accepted
Physiologists have offered even more com-
plex criteria for salt tolerance. Some of these
include the ability of some species or varieties to
maintain membrane integrity due to component
structure or the ability to sequester ions
viacompartmentation, excrete ions through salt
glands, or dilute ions using succulence (Luttge
and Smith, 1984; Thomsom et al., 1988). Some
proposed morphological adaptations for salt tol-
erance include change in root-to-shoot ratio, ro-
sette growth, succulence, reduction of stature
through shoot or tiller abortion, and early initiation
of reproductivegrowth (L&uchli and Epstein, 1990;
Maasand Grieve, 1990; Maas and Nieman, 1978).
Metabolic adaptations that have been associated
with tolerance include increased respiration and
improved water use efficiency at low salinity lev-
els, increased mesophyll resistance, decreased
CO, fixation, synthesis of compatible organic sol-
utes, and the initiation of CAM metabolism (Lilttge
and Smith, 1984;Shannon et al., 1994). It may not
be obvious, but reduced growth rate, in itself, may
be an adaptation to high salinity. A smaller plant
requires less water and does not concentrate ex-
cluded salts in the root zone to the same extent as
a plant that maintains a more rapid growth rate.
At least threedogmas have been established
with respect to salinity stress. First, salinity is a
multicomponent stress in a physical and chemical
sense and varies in intensity over the three dimen-
sions of space, time, and concentration. Its effects
depend on specific salt composition and are sub-
ject to environmental interactions. The second
dogmaisthatwithintheplantkingdomthereexists
a vast array of adaptive responses to salinity
stresses. The physiological significance or quan-
titative importance of most of these has not been
explicitly proven or quantitatively described and
will continue to be a major research objective. A
third well-known dogma is that salinity stress is
highly sensitive to interactions with other environ-
mental variables, especially humidity and light
intensities (Magistad et al., 1943; Salim, 1989).
The complexities intertwined in the afore-
mentioned dogmas highlight the need for a method
of conceptual integration. Within the last 50 years
much information has been developed concerning
salt tolerance and effects of salinity on plants or
plant components. However, the component ob-
servations and facts constitute a hodgepodge that
resists comprehension. A new impetus is needed

to advance breeding for salt tolerance to a higher
level. Two technologies that will be useful in the
breeding effort are crop modeling and systems
methodology. Process-based plant growth mod-
els help simulate complex crop responses to sa-
linityinanintegrativemanneroverdifferentgrowth
stages and soil-environment scenarios. Although
mechanistic models responsive to salinity stress
are just beginning to be developed, there is rea-
sonable hope that such models will soon provide
anew basisfortesting hypotheses and experimen-
tal design. Most existing plant growth models treat
the soil simplistically. Integrated soil chemistry
and physics models that describe water movement
and chemical interactions are available (Simunek
et al., 1992; Suarezand Simunek, 1994) but these
models treat the plant in a simplistic manner and
incorporate the effects of salinity through empiri-
cal rather than mechanistic relationships. These
models oversimplify calculations for yield and
root water uptake. Second-generation models that
address and correct some of these problems are
currently being developed. These models will be
developed to handle salinity stress in a more
mechanistic and comprehensive manner, includ-
ing differential salt sensitivity relative to growth
stage and a better coupling of growth and root
water uptake with above-ground plant growth and
development.

Systems approaches also provide an oppor-
tunity to coalesce and use efficiently available
technology and the accumulated knowledge con-
cerning salt tolerance that has been obtained in the
last 2 decades (Shannon, 1994; Wymore, 1993).
System approachesasapplied to the development
of salt tolerance include the following;

1) Defining the problem;

2) Establishing inputs and outputs;

3) Identifying requirements for performance and
resource USE;

4) Assessing available - technology;

5) Developing a solution concept; and

6) Developing screening and selection proce-
dures that will lead to a plant ideotype to fit the
prescribed requirements of the agronomic sys-
tern.

The problem to be defined is the specific
salinity problem that is being addressed in the
context of crop species, agricultural environment,
and specific ion and toxicity thresholds during
cropping. This requires significant input from grow-
ers and produce buyers. A description of the
salinity situation should includesourceof salinity
(e.g., irrigation water, soil, water table), salt-spe-
cific ion distribution and concentration informa-
tion, and environmental factors such as range of
affected crop land, climate, soil type, and drainage
availability.

Genetic variability should be assessed to
determine the extent to which cultivars express a
salt tolerance that might prove useful for the prob-
lem being considered. This assessment should
includethe known salinity threshold, yield decline
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parameters for the crop, and information on
intervarietal and interspecific variability. Also, in-
formation should be collected on known interac-
tions among salinity responses and other environ-
mental variables. Available physiological or mor-
phological mechanisms with importance for salt
tolerance should be noted.

Accurately defining the problem is essential
for establishing input and output require-
ments. Assessments should be made with regard
to the economic situation and genetic variability.
The economic situation should be appraised with
consideration to costs to the grower, such as seed,
water fertilizer, chemicals, field operations, fuel,
labor, and overhead. Such costs should beweighed
against market considerations (e.g., yield, quality,
earliness), allotments and price supports, and
indirect effects, such as long range sustainability
or potential of using and generating saline drain-
age or groundwater.

Performance and resource use re-
quirements must be identified at this juncture.
Crop yield and quality requirements should be
defined and fixed costs for production should be
specified. Managementoptionsshould  beweighed
against breeding potential. If management is a
relatively inexpensive input into the system, then
perhaps a full-scale breeding effort is not needed.
If using saline water is a requirement, adequate
genetic variability must be potentially available to
produce a crop that is economically successful.
For efforts that require management and breeding,
for example, tolerance at specific growth stages
should be identified. The magnitude of increase in
salt tolerance needed to achieve success should
be identified.

Available technology must be assessed
to determine the types of germplasm and equip-
ment that are available. Salt-tolerant rootstocks
have been identified for a number of woody spe-
cies, including citrus, grape, avocado, and
stonefruits (Maas, 1986). Cultivars of lettuce, to-
mato, melon, and several other crops that have
greater relative salt tolerances than others have
been identified (Shannon and Francois, 1978;
Shannon and Noble, 1990; Shannon et al., 1983).
In some instances, a closely related salt-tolerant
species might be useful in place of a more sensi-
tive species; for instance, cantaloupe might be
used instead of watermelon, or a salt-tolerant
forage such as tall wheatgrass or subterranean
clover might replace crested wheatgrass or white
clover(Shannon, 1978; Shannon and Noble, 1995).
Salt-tolerant lines may be incorporated into the
overall strategy as substitutes for sensitive culti-
vars or species or as potential parents in a crossing
and selection program designed to achieve greater
salt tolerance.

The next step is to develop a solution
concept. The essence of this is to develop a
functional conceptual model of the plant ideotype
that will fill the niche in a described
agromanagement system, a system that will fulfill

all of the established requirements. Crop growth
simulation models may someday be useful in
hypothesis testing of such ideotypes before screen-
ing and selection technologies are used in a full-
scale breeding program.

The concept of the ideotype can be used to
develop screening and selection proce-
dures Thescreening program may  be focused on
a selected combination of physiological and mor-
phological characters that are predicted to best fit
a proposed management system in the target en-
vironment. Any combination of technologies from
conventional breeding to molecular approaches
might be used to achieve the desired ideotype.
After the desired genotype is obtained through any
procedure, it is important that procedures be es-
tablished for germplasm maintenanceand protec-
tion and future varietal improvement and develop-
ment. Otherwise, the unique combinations that
infer salt tolerance with the specific target environ-
ment cannot be expected to endure growth stages
(Shannon, 1985).

Many successful plant breeders are able to
conceptualize intuitively the steps that have been
outlined herein to produce successful cultivars in
nonsaline situations; however, salinity problems
associated with irrigated agriculture are complex
and require a more rigorous and structured effort.
The lack of such a structured effort has  contributed
as much to the lack of progress in breeding for salt
tolerance as have previous gaps in information
concerning salt tolerance mechanisms.
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Managing Saline
and Sodic Solils for
Producing
Horticultural Crops
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Summary. About 33% of all irrigated lands
worldwide are affected by varying degrees
of salinity and sodicity. Soil with an
electrical conductivity (EC) of the saturated
extract >4 dS-m" is considered saline, but
some horticultural crops are negatively
affected if salt concentrations in the rooting
zone exceed 2 dS-m. Salinity effects on
plant growth are generally osmotic in
nature, but specific toxicities and nutritional
balances are known to occur. In addition to
the direct toxic effects of Na salts, Na can
negatively impact soil structure. Soil with
exchangeable sodium percentages (ESPs)
or saturated extract sodium absorption
ratios (SARs) >15 are considered sodic.
Sodic soils tend to deflocculate, become
impermeable to water and air, and puddle.
Many horticultural crops are sensitive to the
deterioration of soil physical properties
associated with Na in soil and irrigation
water. This review summarizes important
considerations in managing saline and
sodic soils for producing horticultural
crops. Economically viable management
practices may simply involve a minor,
inexpensive modification of cultural
practices under conditions of low to
moderate salinity or a more costly
reclamation under conditions of high Na.

‘Department of Soil, Water, and Environmental
Sciences, Yuma Agricultural Center, University of
Avrizona.

“Department of Plant Sciences, University of Arizona,
Tucson.

The cost of publishing this paper was defrayed in part
by the payment of page charges. Under postal
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roblems associated with salt
and Na-affected soils have ex-
isted for thousands of years in
locations ranging from Asia,
[ the Middle East, Africa, South
America, and North America. For example, one of
thecausesforthedeclineanddisappearanceofthe
native American Hohokam civilization in central
Avrizonaisthoughtto be soil salinization of the Gila
River Valley, which they irigated (Bohrer, 1970).
About 33% of all irrigated land worldwide is made
up of saline soils (Yenson and Bedell, 1993).
About 6 million ha of irrigated landislosteachyear
due to drainage and salinization problems (Bohn
et al., 1985).

In addition, about 405 million ha of land is
associated with saline aquifers. Problems of soil
salinity and sodicity occur primarily in arid areas
where evapotranspiration exceeds rainfall. How-
ever, under certain conditions, soil salinity prob-
lems exist in humid regions as well.

In the United States, 5 million ha in the 17
western states is classified as saline (Bohn et al.,
1985). Many of these soils are used for producing
horticultural crops. Several horticultural crops are
sensitive to saline conditions and are strongly
affected by the deterioration of soil physical con-
ditions associated with Na. The objective of this
paper is to review and summarize various consid-
erations in managing saline and sodic soils used
for producing horticultural crops.

Soil considerations

Clremical.The salt and Nastatus ofthesoil
should be chemically characterized. The salinity
status of asoil usually is determined by measuring
the electrical conductivity (EC,) of the water extract
from the saturated soil paste. Soils are classified
as being saline if EC, exceeds 4 dS-m-' (Table 1).
However, many salt-sensitive horticultural crops,
such as lettuce (Lactuca sativa L.), are harmed by
EC,>2dS-m".

Sodicity refers to an excess of exchangeable
Na in the soil. In addition to direct toxic affects from
Na salts, Na negatively influences soil structure,
thus rendering soils unsuitable for crop produc-
tion. Sodic soils often are characterized by dis-
persedsoilparticles,  lowwaterpermeabilitydueto
pore clogging and colloid swelling, poor aeration,
high soil pH (>9), and dispersed organic matter
(black alkali).

Soils with exchangeable Na percentages
(ESPs) >15 are considered sodic. However, ESP
values of 5 to 10 may reduce infiltration in some
soils. Because determining ESP is tedious, the
sodium absorption ratio (SARe) in water extracts
from saturated soil pastes is often used.

SAR, = (Na)/(Ca + Mg)/2)'s 1

where concentrations are expressed in meg/liter.
Although SAR, has a chemical basis in the
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Table 1. Classification of salt- and sodium-affected soils.

Criterion Normal Saline Sodic Saline-Sodic
EC, (dSm™) <4 >4 <4 >4
SAR, <15 <15 >15 >15
Table 2. A comparison of salt levels and moisture contents for three soils.
Salt level or
moisture_content Sand Loam Muck
Soil situation
EC, (dS-m™ 2.0 2.0 2.0
Dry soil weight (kg/15 cm-ha) 2,400,000 2,128,000 616,000
At saturation
Water content (%) 24 40 150
Water (kgha™) 576,000 851,200 924,000
Salt concentration (ppm) 1,280 1,280 1,280
Total salts (kg-ha™ 737 1,090 1,183
At field capacity
Water content (%) 6 20 140
Water (kg-ha™) 144,000 425,600 862,400
Salt concentration (ppm) 5,118 2,560 1,370

theory of cation exchange (Sposito and Mattigod,
1977) we typically measure what has been called
the practical SAR, ratio, which is only empirically
related to SAR, and ESP. Statistical relationships
derived from several soils indicate that practical
SAR, values are about 12% < SAR, values and
reasonably close to ESP values (Sposito and
Mattigod, 1977). Hence, soils with practical SAR,
values>15 are generally considered sodic (Table 1).
Soil-water relationships. Interpretations
of soil salinity status and its potential impact on
plant growth can be somewhat confounded by
soil-water relationships, which are largely influ-
enced hy soil texture and soil organic matter
content. Forexample, consider a sand,a loam,and
a muck soil all having an EC, of 2 dSm~" and
containing 24%, 40%, and 150% moisture at
saturation, respectively(Table2). However, atfield
capacity (about 0.1 bar tension), moisture con-
tents are 6% for sand, 20% for loam,and  140% for
muck. Assuming no leaching, precipitation or
plant uptake of salts, at field capacity the salt
concentration in sand would be almost twice that
of loam and almost four times that of muck. These
complications are especially important for salt-
sensitive crops such as lettuce, for which EC,
values 22 dS-m-' adversely affect plant growth in
loam, whereas EC,valugs>1.5dSm™" might nega-
tively affect yield in sand.
Hammond (1966) suggested multiplying EC,
values by one half the ratio, saturation percentage
moisture:fieldcapacitymoisture, tocorrect roughly
for differences in water relationships among soils.
When this type of soil moisture information is not
available, a rule of thumb is to multiply values for
sandy soils by 2 and values for muck soils by 0.5
before interpretation (Hammond, 1966). More re-
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cently, as part of a research program directed
toward developing technologies for measuring in
situ bulk soil salinity (EC,), more accurate models
have been developed that interrelate EC, and EC,
hased on selected soil properties (Rhoades 1981,
Rhoades et al., 1989, 1989b,1990).

Spatial variability The salt and Na status
of afield typically is determined from a composite
soil sample. However, such a protocol ignores
variation in salinityacrossagivenfield. Managing
10-to 20-ha units based on a composite soil
sample mightaffectsalt-sensitivecropsadversely.
Note the variation in EC, from across a field in
southwestern Arizona hefore being planted to let-
tuce (Fig. 1). Lettuce yield and quality would be
compromised severely in one corer of this field
should the entire field be managed based on the
EC, of about 2.1 of a composite soil sample.

Detailed mapping of soil salinity from EC,
measurement is generally imprac-
tical. However, field determination
of soil-paste electrical conductivi- %
ties (EC,) (Rhoades et al. 1989a)
andfieldmeasurementsofbulksoil
salinity (EC,) using four electrode
sensors, electromagnetic measure-
ments, or time domain reflec-
tometric sensors show promise as
apractical  meansofassessingfield
variability (Lesch et al. 1992;
Rhoades and Oster, 1986).

Because irrigation efficien-
cies in the southwestern United
States are generally low (large
leaching fractions and sometimes
tail water) for many horticultural
crops, field variability in salinity is

notamajorproblematpresent. However,as irriga-
tion efficiencies are enhanced, site-specific tech-
nologies for salt and Na management might prove
economical.

Crop considerations

Osmotic effects. The general effects of
bulk soil salinity on plants are osmotic. High salt
concentrations in the plant rooting zone hinder the
plants ability to take up water from the soil solu-
tion Plants often counter this osmotic gradient by
osmotic adjustment, i.e., increasing their internal
solute concentration, by producing organic acids
or accumulating salts, usually K. However, this
process requires energy that would otherwise be
used for plant growth and development.

Tolerances to soil salinity have been estab-
lishedfor most important crop species (Bernstein,
1964; 1974). Most economically important horti-
cultural crops have been classified as moderately
sensitive and sensitive to salinity. Specific toler-
ances, with respect to EC, values for 0%, 10%,
25%, and 50% yield reductions, are shown for
several economically important horticultural crops
in Table 3. A more complete list can be found in
Maas and Hoffman (1977) and Maas (1984). Re-
cent publications establishing tolerances for addi-
tional horticultural crops (Francois, 1995)attestto
the fact that this is an ongoing area of research.

Specific toxicities. In addition to gen-
eral salinity effects, many horticultural crops are
affected negatively by high concentrations of spe-
cific ions such as Cl, B, and Na (Fig. 2). Crop
tolerances to Cl and B have been established for
many economically important horticultural crops
(Bernstein, 1965; Eaton, 1944; Maas, 1984; Pear-
son, 1960). For example, understanding the Cl
tolerance for various citrus rootstocks is of utmost
importance in selecting the appropriate rootstock

Fig. 1. Variability in soil EC, values in a field in south-
western Arizona (Yuma Valley) before lettuce seeding.
(Unpublished data provided by Agro Phosphate Inc.)
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Table 3. Yield potential of selected vegetable and fruit crops’ as influenced by soil salinity (EC).

Croo

Yield potential (%)

100 90 75 50

Vegetable
Broccoli (Brassica oleracea L. ltalica)
Tomato (lycopersicon esculentum Mill.)
Cucumber (Cucumis sativus L.)

EC, dS-mr”’

28 49 55 8.2
25 35 50 7.6
25 33 44 6.3

Celery [Apium graveolens L. var. dulce (Mill) Pers] 1:8 34 58 9.9

Cabbage (Brassica oleracea L. Capitata group)

Pepper (Capsicum annuum L. var. annuum)
Lettuce (lactuca sativa L.)
Radish (Raphanus sativus L.)
Onion (Allium cepa L. cepa group)
Carrot (Daucas carota L.)
Bean (Phaseolus vulgaris L.)

Fruit
Date palms (Phoenix dactylifera L.)
Grapefruit (Citrus paradisi Macf.)
Orange (Citrus sinensis L. Osb.)
Peach [Prunus persica (L.) Batschl
Grape (Vitas sp.)
Plum (Prunus domestica L.)
Blackberry (Rubus sp.)
Strawberry (fragaria sp.)

18 28 44 7.0
15 2.2 33 51
13 21 32 51
1.2 2.0 31 50
1.2 18 28 43
10 17 28 46
10 15 2.3 3.6

40 6.8 110 180

18 24 34 49
17 2.3 33 48
17 2.2 2.9 41
15 25 41 6.7
15 2.1 2.9 43
15 2.0 2.6 38

10 13 18 25

‘Adapted from Maas and Hoffman (1977) and Maas (1984).

for specific conditions of soil and irrigation water
(Table 4).

Many horticultural plant species are very
sensitive to Na. Most deciduous fruit crops, citrus,
and nut crops are affected by soil ESP levels as low
as 5 (Pearson, 1960). Some vegetable crops are
affected by ESP values as low as 10. These effects
are observed even where soil physical conditions
remain favorable, suggesting the effects are direct
Na toxicity.

Nutritional imbalances. Salinity also
affects plant growth by inducing nutritional imbal-
ances. For example, high concentrations of
monovalent salts in the rooting zone can reduce
plant uptake of Ca (Fig. 3). Another example is
hicarbonate-induced deficiencies of the micronu-
trients Fe, Zn, and Mn.

Cropping systems. Information of salin-
ity tolerance also should be used in the context of
cropping strategies. For example, a common crop-
ping sequence in the low desert region of the
southwestern United States is cotton and lettuce.
While cotton is generally tolerant of saline condi-
tions, lettuce is not. Hence, during cotton produc-
tion, soils should be managed to preclude salt
accumulation, which might adversely affect a sub-
sequent crop of lettuce.

Water considerations

Water quality. The quality of water used
for irrigation is a major consideration. The salinity
status of water is assessed using EC measure-
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ments. Based on statistical relationships devel-
oped from several waters, total dissolved solids
(TDS mg-liter™) can be estimated by multiplying
EC, (dS'm™') values by 640.
Evapotranspirationconcentratessaltsadded
in irrigation water. Hence, irrigation water with
modest amounts of salt can result in saline soil
conditions. An assessment of irrigation water suit-
ability must consider the salinity tolerance of the

crop, leacting volume achieved, and the predicted
level of salinity in soil water from using this
irrigation water (Rhoades, 1972).

In addition to total salts, the Na concentra-
tion of irrigation water is important. The Na hazard
of irigation water often is assessed using the
SAR,, the same ratio defined previously for soil
extracts (SAR,). If SAR, values of irrigation water
are >7 to 10, low water infiltration and conversion
of the soil to sodic conditions may occur. How-
ever, the SAR alone neglects the potential sodium
hazardassociated with water high in bicarbonates.
The carbonate (C0,%) and bicarbonate (HCO,} in
irrigation water can precipitate Ca, thereby in-
creasing the SAR of irrigation water.

Over the years, several methods have been
proposed for predicting the potential Na hazard
associated with carbonateand hicarbonate ions in
irrigation water. The residual sodium carbonate
(RSC) method was used commonly at one time
(Eaton, 1950):

RSC = [HCO; +C02]~[Ca +Mg*]  [2]

Waters with RSC >25 were considered un-
suitable for irrigation purposes; waters with RSC
of 1.25 to 2.5 were considered marginal; and
waters <1.25 were considered safe (Wilcox et al.,
1954). The RSC method assumes all HCO,” pre-
cipitatesand generally overpredicts the Na- hazard
of water. This method has been abandoned largely
in favor of adjusted SAR methods proposed by
others (Bower et al., 1968; Rhoades, 1968; Suarez,
1981). Presently, the adjusted SAR method pro-
posed by Suarez (1981) generally is favored, be-

Fig. 2. Chloride toxicity to furrow-irrigated grapes near
Safford, Ariz. (Photograph courtesy of T. Doerge.)
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Table 4. Tolerance of citurs rootstocks to chloride in soil (61,) and irrigation water.?

Rootstock

Sail (Cl,) Irigation water (Cl,)

Sunki- mandarin
Grapefruit
Cleopatra mandarin
Rangpur lime
Sampson  tangelo
Rough lemon
Sour orange
Ronkan mandarin
Citrumelo
Trifoliate orange
Cuban shaddock
Calamondin
Sweet orange
Savage citrange
Rusk citrange
Troyer citrange

meq/liter
25.0 16.6

15.0 10.0

10.0 6.7

‘Adapted from Maas (1984).

cause it issimpler and moreaccurate than alterna-
tive procedures. This equation is discussed in
moredetail belowwith respectto leaching require-
ments.

Irrigation method. Irrigation method and
volume of water applied have a pronounced influ-
ence on salt accumulation and distribution (Ayers
and Westcot, 1989; Bemstein and Francois, 1973).
Data collected from a citrus experiment  conducted
in southwestern Arizona show various salt distri-
bution patterns as a result of different irrigation
methods(Fig.4). Flood irrigation and an appropri-
ate leaching fraction generally move salts below
the root zone. Similar results can be obtained with
a properly managed sprinkler irrigation system.
However, in hot, arid climates, evaporation loss
during sprinkling might increase the salinity of
water moving into the soil (Ayers and Westcot,
1989). Robinson’s (1973) study suggests that the
concentration of salts in sprinkler water for salt-
sensitive crops is generally not a problem in the
center of the field but may be a problem near the
edge of the field, where evaporation losses are
higher. Another major concern with sprinkler irri-
gation is the potential for leaf burn. Harding et al.
(1958) reported that water normally suitable for
surface irrigation may be harmful to citrus. They
found that leaf burn and defoliation of the lower
part of citrus trees can result from sprinkling water
having EC, values of 0.8 to 1.5 dS-m. Tolerances
of crops to foliar injury using sprinkler irrigation
can be found in Maas (1984) and Ayers and
Westcot (1989).

With furrow and pressurized irrigation,
soluble salts in the soil move with the wetting front,
concentrating at its termination or at its conver-
gence with another wetting front. In drip-irrigated
plots, water moves away from the emitter and salts
concentrate where water evaporates. In furrow-
irrigated crops, water movement is from the furrow

into the bed via capillary flow. When adjacent
furrows are irrigated, salts concentrate in the cen-
ter of the intervening bed (Fig. 5). Manipulating
bedshapeandplantingarrangementarestrategies
often used to avoid salt damage in furrow-irrigated
row crops. This is discussed in more detail below.
Because drip irrigation maintains more constant
favorable conditions of soil maisture,
plants tolerate higher levels of salinity
than with furrow irrigation (Bernstein
and Francois, 1973).

Management strategies

Leaching. Leaching excess
salts and maintaining favorable salt
balance remains the best strategy to
prevent detrimental salt accumulation
in the soil profile. Leaching also can be
used to reclaim nonsodic saline soils.
Most leaching strategies are based on
asteady-stateassumption of mass hal-
ance and are calculated by

LF= de/Diw: ECM/ECdW [3]

where LF(leaching fraction) is the frac-
tion of water that leaves the root zone as
drainage water, D, and D,, are the
volumes of drainage and irrigation wa-
ter, respectively, and EC,, and EC,, are
the EC of irrigation water and dréinage
water, respectively. Typically EC,, is
selected from crop tolerance data (such
as that presented in Table 4) to calcu-
late the desired leaching fraction. Be-
cause salt concentrations of saturation
extracts (EC, values) are typically more
dilute than the salt concentration of the
actual drainage water under field con-

ditions, using EC,values in the denominator of Eq.
[3](EC,,) traditionally has exaggerated the calcu-
lated leaching fraction. As noted above, informa-
tion on soil texture and soil moisture can be used
to estimate bulk salinity in the rooting zone (EC,
values).

This above relationship also ignores ion
uptake by plants and precipitation and dissolution
reactions of carbonates in the rooting zone. Errors
associated with the latter could have disastrous
effects when water high in sodium or bicarbonate
are used for irrigation. Several approaches have
been used to estimate leaching fractions in which
calcium carbonate tends to precipitate or dissolve
in soils. Bower et al. (1968) proposed using a
modified saturation index based on Langelier's
index. However, this equation overpredicted the
sodium hazard associated with drainage waters
(Oster and Rhoades, 1975). Rhoades (1968) modi-
fied Langliers's index to include empirically de-
rivedparametersaimedatpredicting mineral - weath-
ering. It worked well for many western soils. How-
ever, the value of the weathering coefficient varies
somewhat with soil-water combination (O'Connor,
1971; Osterand Rhoades, 1975), thus limiting its

Fig. 3. Celery blackheart, a calcium-related physiologi-
caldisorder. In this case hlackheart was caused by a high
concentration of monovalent salts in the rooting zone.
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predictive potential. Suarez (1981) proposed the
following:

Adj SAR, = (Na LF/(Mg,LF + X(P,,,3}'2 4]

where Na, and Mg, are the concentrations of Na
and Mg in irrigation water as mmol-liter,P,., is
the partial pressure of CO, in the soil, and X is
selected from a table (Suarez, 1981) based on the
HCG, /Caratioand the ionic strength of the irriga-
tion water (which is estimated by EC,). Because
thisrelationship is notvery sensitiveto P, rough
estimates are usually satisfactory. Equation [4]
attempts to address shortcomings in previous
equations by calculating equilibrium pH rather
than assuming one. This equation is simpler and
generally more accurate than others used and has
found widespread application in the western United
States.

Drainage. A prerequisite to using leaching
as a management tool is good internal and external
drainage. Poor internal soil drainage caused by
surface crusting, hardpans, and sodic conditions
often is managed by tilage and soil amendments.
Deepchiseling isperformedat  leastonceayearon
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most cropland in the low desert of southwestern
United States (Fig. 6). When sodic conditions
exist, an aggressivesoil amendment program usu-
ally is required.

External drainage on most farmland in the
western United States is maintained through an
intricate network of open drains and tile drains. In
some situations, drainage wells are required.

Planting configuration, bed arrange-
ment, and irrigation. Water movement in fur-
row irrigation is from the furrow into the bed. This
can result in localized elevated salinity, which can
harm seedling plants (Bernstein and Fireman,
1957), even under low to moderately saline condi-
tions. Many crops, such as lettuce and broccoli,
are seeded in two rows near the outer edge of the
bed with a ridge or corrugation in the center. This
arrangement places young seedlings out of the
zone of highest salt accumulation. For crops such
as cauliflower, which typically are seeded one row
per bed, plants often are offset from the bed center,
or only every other furrow is irrigated during stand
establishment.

Otherstrategiesalsoavoid - gradientscaused
by furrow irrigation. Sprinkler irrigation during

stand establishment has become a widespread
practice for vegetables produced in the low desert
(Hartz, 1994). Sprinkling moves salts with water
downward below the seed zone. Crops such as
sweet com can be planted in the water-furrow or
planted in mulched moist beds to avoid salt accu-
mulation associated with furrow irrigation. More
details on options for bed and planting configura-
tions with regard to salinity management can be
found in Ayers and Westcot (1989).

Fertilizer management. Manyfertilizers
containsolublesaltsin high concentrations. There-
fore, nutrient source, rate, timing, and placement
are important considerations in the production of
horticultural crops. Salt indices for most commer-
cial fertilizer products have been reported by Rader
(1943).For example, KCI has a saltindex 2.5 times
that of K,S0,. Generally, band application of fertil-
izers with high salt indices near seedlings should
be avoided. An interesting example where source

Fig. 4. Salt distribution patterns below a ‘Valencia' or-
ange grove in southwestern Arizona (Wellton Mesa) as
influenced bv irrigation system. (Unpublished data pro-
vided by R. Roth.)
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Fig. 5. Salt distribution in furrow-irrigated melons. Note
melonsareseededon  thesouthsideofthebedawayfrom
the high concentrations of salts in the bed center. (Pho-
tograph courtesy of T. Doerge.)

may be important, even with broadcast applica-
tion, is for lettuce production in southern Florida.
During prolonged periods of no rainfall, K and
other salts have the potential to accumulate near
the soil surface as a result of upward movement
with water from the subsurface irrigation systems.
Field studies have shown that under these condi-
tions lettuce yield reduction is more pronounced
whenKCl isusedcompared toK,50, (C.A. Sanchez,
unpublished  data).

The salt content of amendments such as
gypsum and manures also should be considered.
For many soils in the western United States, gyp-
sum application is a useful management practice
for precluding sodium accumulation on the soil's
exchangecomplex, maintaining soil structure, and
improving water infiltration. However, in a recent
field study conducted near Yuma, Ariz., gypsum
reduced growth and marketable yield of lettuce
when applied immediately before seeding (C.A.
Sanchez and J.G. Silvertooth, unpublished data).
Hence, for salt-sensitive crops such as lettuce,
gypsum should be applied so that soluble salts
released during dissolution do not negatively af-
fect lettuce production. This probably can be ac-
complished by lengthening the time interval be-
tween application and planting.

Another interesting phenomenon concern-
ing fertilizer management involves applying am-
monia in irrigation water. Anhydrous ammonia
raises the pH of irrigation water, causing the pre-
cipitation of CaC0,, volatilization of NH,, and
increased sodium hazard (Fig. 7). The simulta-
neous use of acid with anhydrous ammonia elimi-
nates this problem.
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Soil amendments and water treat-
ments. Soil amendments and water treatments
often offer a practical and economical means for
managing many problems common to saline and
sodic soils. Soil applications of amendments are
used for initial reclamation and long-term mainte-
nanceofsoil quality. Ingeneral, waterapplications
are intended to alter the chemistry of irrigation
water such that no further degradation in soil
quality will occur. Rates of amendments used for
soil application are typically large and primarily
based oneconomics. Forwatertreatments, rates of
amendments are typically much smaller and are
nearly always based on solubilities and stoichi-
ometry.

Amendments such as gypsum and elemen-

tal Shave been used for years. Gypsum is primarily
used on Na-affected soils as a source of Ca* to
displace Na+ from the soil's colloidal exchange
complex. The exchange flocculates soil particles
(bunching of particles into larger aggregates). The
Ca* ions reverse the effect of Na* ions, which tend
to disperse soil particlesand restrict water infiltra-
tion The resulting displaced Na* ions are leached
readily from the soil profile. Gypsum is a neutral
salt that does not directly reduce pH. However, it
can indirectly lower the pH of sodic soils by
reducing the hydrolysis reactions associated with
Na ions on the exchange complex. Gypsum often
can reduce surface sealing and improve water
infiltration in nonsodic soils by releasing electro-
lytes into percolating water (Ben-Hur et al., 1992,
Shainberg et al., 1990; Warrington et al., 1989).
Elemental S is also a common soil amend-
ment. Sulfur added to soil undergoes a slow bio-
chemical oxidation to sulfuric acid. This affects the
soil first by neutralizing soil bases and lowering
pH directly, and second by dissolving native soil
CaC0, to form gypsum, which then acts as de-
scribed above. Iron pyrites also have been sug-
gested as soil amendments (McGeorge and
Breazeale, 1955). Like elemental S, iron pyrites
oxidize to sulfuric acid (Banath and Holland, 1976).
Sulfuric acid often is applied to produce an
effect more immediate than that produced by el-
emental S (Miyamoto etal,, 1974; 1975a). Sulfuric
acid can be added directly to the soil by specialized
equipment or used as awatertreatment. Studies in
Arizona showed that water infiltration and seedling
emergence were increased by gypsum, elemental
S, or acid applied to the soil (McGeorge et al.,

Fig. 6. Chisel used routinely in the southwestern United
States.
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Fig. 7. Precipitation of carbonates in irrigation ditches
after application of ammoniacal fertilizer. (Photograph
courtesy of J. Stroehlein.)

1956). Because of the corrosive nature of sulfuric
acid, other acid materials or acid-forming prod-
ucts have been used successfully as less hazard-
ous substitutes. Acid or acid-forming amend-
ments often are used to obtain the added benefit of
enhanced P and micronutrient availability
(Stroehlein and Pennington, 1986). Sulfuric acid
and other acid-forming liquid materials have been
highly effective when added to irrigation water as
a water treatment (Stroehlein and Pennington,
1986; Yahia et al., 1976). Acid added to irrgation
water not only improves infiltration by increasing
the electrolyte concentration, but it reduces the
carbonate and bicarbonate hazard of irrigation
waters (Miyamoto et al.,, 1975h).

Calcium polysulfide and ammonium polysul-
fide also are used as water treatments to improve
infiltration (Stroehlein and Pennington, 1986).
Thesematerialsare initially basic and reacttoform
colloidal S. The Ca* or ammonium (NH,) ion can
replace Na on the exchange complex. Ammonium
and S are then oxidized to form acid {H+). Studies
have shown improved infiltration with these prod-
ucts (El-Tayib et al., 1979; Cairns and Beaton,
1976). Not all of the beneficial effects can be
attributed toSand ammonium oxidation. One field
study in Arizonashowed an immediate increase in
infiltration before oxidation could occur (Stroehlein
and Pennington, 1986), probably due to electro-
Iyte effects.

Syntheticpolymerswerefirst investigated in
the 1950s and 1960s. An extensive series of stud-
ies conducted in Arizona with polymers available
at the time resulted in reduced soil compaction,
improved stands, and increased yields compared
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to untreated controls (Fuller et al., 1953) Although
effective, most of these products evaluated in the
1950s and 1960s could not be used economically
under field conditions.

Synthetic polymers such as polyacrylamide
(PAM), polyvinyl alcohol (PVA), and polysaccha-
rides have more recently shown promising results
in research studies. Reduced soil surface crusting
(Helaliaand Letey, 1989; Terry and Nelson, 1986;
Wood and Oster, 1985) improved aggregation
and reduced clay dispersion (Aly and Lety, 1988)
enhanced stand establishment (Cook and Nelson,
1986; Wallace and Wallace, 1986) reduced soil
erosion with furrow and sprinkler irrigation (Ben
Hur et al., 1990; Lentz et al,, 1992; Levy et al.,
1992) and improved reclamation of saline and
sodic soils (Wallace et al., 1986) have been re-
ported with the use of synthetic polymers.

Severalstudiesin Israel and the United States
showed improved infiltration with PAM and other
polymers (Ben-Huret al., 1989; Levyetal., 1992).
In most of these studies slaking and dispersion
were the dominant mechanisms limiting water
intake. However, onestudyshowed polymersto be
effective in reducing clay swelling (Emerson, 1963).
Shainberg et al. (1990) found that polymers in-
creased water infiltration 3-fold over untreated
soils. When gypsum was added with the polymer,
infiltration increased another 3-fold over the poly-
mer treatment alone.

Some researchers reported that synthetic
polymers may be useful tools for managing and
reclaiming sodic soils. Allison (1952) reported an
increase in aggregate stability in several saline-
sodic soils that were treated with polymers.Wallace
et al. (1986) found that PAM added to a sodic soil
improved soil aggregation, increased water pen-
etration, and improved crop seedling emergence.
Other researchers, however, found that polymers
used alone were less effective in sodic soils. Aly

and Lety (1990) found that the stability of aggre-
gates treated with polymers decreased as the soil
SAR increased from 1 to 15. Zahow and Amrheim
(1992)foundincreased hydraulicconductivityfrom
polymer addition when the soil had an ESP <15,
but found little or no increase when the soil ESP
exceeded 15. However, these workers did find that
synthetic polymers used in combination with gyp-
sum increased hydraulic conductivity 4-fold over
gypsum alone. These results underscore the need
for a Ca source when reclaiming sodic soils and
illustrate the apparent synergistic effects of gyp-
sum and synthetic polymers.

Conclusions

Many economically important horticultural
crops are sensitive to soil and water salinity and to
the deterioration of soil physical properties asso-
ciated with Na in soil and irrigation water. There-
fore, soil chemical and physical properties, crop
tolerance, water quality, fertilization, and irrigation
method are important considerations for the pro-
duction of horticultural crops. This is especially
true in the southwestern United States, where
warmwintertemperaturesfavorproductionofmany
fruit and vegetable crops, but problems of salinity
and sodicity are commonplace.

For purposes of organization we have out-
lined important considerations individually, but in
reality they must be considered concurrently. Over
the years, researchers have developed and cali-
bratedanumber of useful diagnosticand  prognos-
tic tools for dealing with salt and Na-related prob-
lems. Once problems (or the potential for prob-
lems) are identified, profitable production of hor-
ticultural crops depends on the selection of an
economically viable management strategy. This
may simply involve a minor, inexpensive modifi-
cation of cultural practices underconditionsof low
to moderate salinity, or more costly reclamation
under conditions of high Na.
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Applying
Preferential Flow
Concepts to
Horticultural Water
Management

John S. Selker?

Additional index words. macropore,
finger, funnel, contamination, groundwater

Summary. Avoiding groundwater
contamination from agricultural activities
is possible only if the processes that
control deep percolation are understood.
The source of contaminant movement to
groundwater is typically through preferen-
tial flow, processes by which the bulk soil
is bypassed by some part of the infiltrating
water. Three mechanisms give rise to
preferential flow: fingered flow, funnel
flow, and macropore flow. Fingered flow
occurs in coarse-textured soils and can be
minimized by starting with an initially well-
wetted profile. Funnel flow is likely in
layered soil profiles of silt or coarser-
textured soil,.in which avoiding slow over-
irrigation is critical. Macropore flow is
observed in all structured soils in which
maintaining irrigation rates well below the
saturated conductivity of the soil is
essential. These prescriptions are quite
different than conventional recommenda-
tions, which fail to consider groundwater
protection.

he quantitative study of the move-
ment of water through soils is
well over 100 years old (e.g.,
Lawes et al. 1882) and contin-
ues to be an area of active research.
This interest generally stems from two concerns:
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1) how to manage soil water to obtain the greatest
crop response and production; and 2) how to
minimize the impact of cropping activities on the
environment.

Until the 1970s most of the research con-
cerning soil water movement concentrated on at-
temptstopredictflowin homogeneous soils(Gard-
ner, 1958; Green and Ampt, 1911; Philip, 1969).
Thisapproach was used not because it was thought
to be the most realistic representation of soils, but
because it allowed the application of powerful
mathematical tools to solve some fundamental
problems. In the 1970s the first widespread ob-
servations of groundwater contamination were
noted. Although the most famous of these cases
(e.g., Love Canal) were due to industrial sources,
agriculturalactivitiesalso have been implicated. In
manyofthesecasescontamination would not have
been predicted to reach the aquifer using models
that assumed homogeneous soil and uniform wa-
ter content. These realizations led to the develop-
ment of more realistic and complete descriptions
of solute movement through soils. The unac-
counted for and widespread behavior of water
moving unevenly through soil is described as
preferential flow. These processes allow some of
theinfiltratingwatertopercolatemorequicklythan
if the soil were uniformly carrying flow.

This article summarizes the research find-
ings that explain these transport processes, pro-
viding horticulturists guidelines to enhance effi-
cient use of water, increase efficiency of saliniza-
tion control, and minimize groundwater contami-
nation

Fingered flow

Hill and Parlange (1972) noted that in coarse-
textured soils water tends to move in isolated
regions, or fingers of flow. This process is recog-
nized as an instability in the wetting front, analo-
gous to the instability in the darting tongues of a
flame, or the flapping of a flag. This process was
soon put into the mathematical frameworkof linear
instability theory (Parlange and Hill, 1976) which
has since been shown to provide reasonable esti-
mates of the physical dimensions (i.e., width) of
these fingers of flow (Glass et al., 1989; Selker et
al., 1992).

From a practical point of view, the fact that
the width of fingers can be predicted is useful. It
confirms that our conceptual model for fingered
flow is capturing the physical basis of the process.
From this position of confidence, we then can use
this result to see where fingers are likely to be
prominent. The size of fingers is related inversely
tothecharacteristicgrainsizeofamedium(Fig.1):
when the soil hasatextureofsiltorfiner, thefinger
dimensions are predicted to be >l m. Fingered
flow occurs only in unstructured soils. Hence,
fingered flow is expected only in soils that are
predominantly  sand.

Finger width is not strongly affected by the




flux through the system (Fig. 1). Rather, the flux
through the system typically affects the number of
fingers that form. When the flux is increased up to
the rate of the saturated conductivity of the soll, the
fingers will grow in width and frequency to the
point at which they finally merge to yield a flat
wetting front without fingered properties. Since
mostsandysoils  haveextremelyhighconductivity
compared to naturally occurring infiltration rates,
this rarely occurs in natural conditions.

Understanding effects of prior moisture con-
tent on finger formation and finger persistence is
important in managing production on sandy soils
As shown by Lui et al. (1993), when soil is at field
capacity, fingers will be about 10-fold wider than
those developing in dry conditions. Thus, if a
sandy soil is not allowed to dry completely, the
bypassing effect will be reduced, if not entirely
eliminated. | saw a pertinent example of the impor-
tance of this observation in Florida. Using a drip
system, when irrigation was initiated before the
field had significantly dried in the spring, the year's
crop did well. In years when irrigation was delayed
until the soil was dried, narrow fingers formed
through the root zone, leaving most of the soil dry,
thus damaging the crop.

Once a finger has formed in a particular
location, it will remain (persist) until the soil has
either dried entirely or has been completely satu-
rated (Glass et al., 1989). Given the very high
conductivity of sandy soils, eliminating persistent
fingers requires either drying from the surface,
which is effective to a maximum depth of about 1
m, or raising the water table. A striking example of
the impact of persistence was seen in Lafayette,
Ind. (Fig. 2). Distinct fingers of flow were made
visible in the coarse material due to the chemical
weathering of the calcareous material. Within the
fingers, pebbles were readily crushed manually,
while outside of the fingers the gravel strength was
typical of unweathered material. Clearly these fin-
gers had persisted for many decades.

It is crucial when initiating irrigation on dry,
sandy soils that the rate of irrigation is nearly that
of the saturated conductivity of the soil, so the
profile starts off from an entirely wetted condition.
From this initial state, any fingers will be quite
largeandlikelynotaproblemfromaproductionor
contamination point of view. If problematic fin-
gered flow is found, it can be eliminated only
through complete soil drying or saturation. Given
the length of time required for total drying, achiev-
ing a brief period of saturation is the most practical
approach to eliminate fingered-flow pathways.

Macropore flow

Aside from very sandy soils, aimost all other
soils have macroscopic structure. In addition to
grouping soil particles into larger units, there are
structures that arise from plant and fauna activi-
ties, leaving root channels, worm holes, and ani-
mal burrows. These structural elements consist of
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pores that are generally several orders of magni-
tude larger than the characteristic grain size of the
soil. Forinstance, inasiltysoilwithamedian pore
size of 1 x10 m, the interpedfacespacing would
be of the order of 1 x 10~ m, and it would have
deep root channels 1 x 10 m in diameter. Such
connected systems of large pores are referred to as
macropores.

Before the 1980s, these soil features were
not considered in the prediction of movement
through soils. Under most natural rainfall condi-
tions the water would go through the bulk soil,
never reaching a point of saturation at which these
pores would fill. However, during intense rainfall
and typical irrigation conditions, the soil is taken
toastateof nearsaturation, and these poresdofill
This results in a dramatic increase in- conductivity,
as the resistance to flow decreases with the square
of the aperture size. Thus, such macroscopic fea-
tures can dominate flow during periods of intense
infiltration (a single l-mm pore will carry as much
water as about ! m? of uniformly packed silt
textured media). Beyond the ability to allow greater
infiltration, these poresallow chemicals to bypass
the bulk of the soil. In this way, chemicals that
would be predicted to move slowly through the soil
profile can move quickly to shallow aquifers.
Broadlyreferred toasmacroporeflow, - this mecha-
nism has been studied widely in the last 2 decades,
and has been shown to havea major impact on the
transport properties of most soils (German and
Beven, 1981; Gish and Jury, 1983).

Funnel flow

Many soils are generated by deposition of
material by either processes of wind, water, or
volcanic activity, yielding a layered character with
alternating series of finer and coarser texture due
tovariation  inthesourceofthematerialandenergy
of the flow at the time of deposition. These layers
have a strong effect on infiltration of water due to
the capillary properties that depend on the pore

size distribution in each layer. Although soils with
coarser texture will typically have higher saturated
conductivity, this rule breaks down in the context
of unsaturated flow.

To understand this, it is useful to visualize a
pair of stacked sponges, where the bottom sponge
is of very poor quality with large pores, and the top
sponge is of excellent quality with very fine pores.
Ifthestackofspongesisataslightangleandwater
is poured slowly onto the stack, the high-quality
sponge will retain the water and let it flow over the
lower-quality sponge. Similarly, in the layered soil
system, the finer-textured pores will retain infil-
trating water and divert the water over the coarser
layer. This process, known as funnel flow, can
intercept infiltration from broad areas into focused
streams of infiltration (Kung, 1990). In a potato
field studied in Wisconsin, water landing on an
area of 2500 m? was focused to an area <0.25 m?
by the time it reached the water table at a depth of
6 m (Kung, 1990). This 10,000-fold reduction of
areaofflowgivesrisetoaproportionallyincreased
vertical transport velocity, dramatically reducing
the time of travel of water and solutes from the soil
surface to unconfined aquifers.

Management guidelines

As shown above, there are processes that
can cause a portion of the water to leave the root
zone rapidly through a small portion of the profile
in soils of all textures. The key to preventing
groundwater contamination is to use our under-
standing of these flow processes as a parameter in
our irrigation management.

Traditionally the irrigation system design-
ers' concerns were dominated by the following:

Fig. 1. Dependence of finger width on the characteristic
grain size of a soil and the relative flux (g/Ks) into the
system (using the results of Parlange et al., 1990)
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1. Selecting a system that will work with the
topography of the land (e.g., can't use flood
irrigation on rolling hills).

2. Selecting a system that suits the crop-
machinery system the farmer uses.

3. Choosing application rates that suit the
infiltration capacity of the soil (in flood
irrigation, this means that the application
rate should be much higher than the infiltra-
tion capacity).

Irigation efficiency was typically of para-
mount interest, as water is typically a scarce com-
modity, either due to pumping costs, or overall
supply.
In the past 3 decades, preventing environ-
mental degradation has joined the list of decisive
concerns to agriculturists. Irrigation system de-
signers have aided in environmental protection
through improved irrigation uniformity: If afield is
not being irgated uniformly, and yet all points

Fig. 2. R Bryant stands next to glossic features in a soil
believed to have been formed as a result of fingered flow
that persisted for periods of hundreds, if not thousands,
of years. The apparent difference in coloration in the
fingers is not due to moisture content, but results from
the extensive chemical weathering of the material within
the fingers.
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become fully irrigated, there will be regions of
excess inigation that will contribute percolation to
the groundwater. This line of argument still only
considers movement in theabsence of preferential
flow, and few have addressed the issue of how
understanding preferential flow should influence
irrigation operation.

To address the impact of preferential flow on
irrigation, consider the case of irrigating a coarse
soil. There are two forms of preferential flow that
should be expected: fingered flowandfunnel flow.
Irigation on coarse-textured soils typically uses
overhead sprinkler or drip irrigation, as surface
irrigation methods (e.g., flood and furrow irriga-
tion) are not amenable to the high infiltration
capacities of these soils. At the start of the iriga-
tionseasonthefirstconsiderationmust  betoavoid
finger formation in the root zone by ensuring that
the root zone starts in a moist condition. If the soil
is starting from a dry condition, a burst of irrigation
at a rate close to saturated conductivity of the soil
of sufficient amount to wet the root zone will erase
any residual fingers and render the profile far less
susceptible to new finger development. From this
point, the profile should not be allowed to dry
completely during the irrigation season.

Using a drip irrigation system, such a pro-
cess can involve great additional expense and,

therefore, be impractical. In fingered flow, water
from drippers is likely to go vertically downward in
a path ofareaequal to thesaturated conductivity of
the soil divided by the application rate. For in-
stance, a 5-liter-n (0.005 m?-h~') emitter in a
coarse soil with conductivity of 1 m.h-'will keep a
column of soil wet with a cross-sectional area of
about 50 cm?. If the plant roots go to a depth of 0.5
m, the irrigated volume of soil is just 2.5 liters (to
determine finger size on a site, simply drip about
20 liters of dyed water onto an area of completely
dry sand and measure the diameter of the wetted
area through excavation). If this soil had a field
capacityofabout 10%, anyapplicationabove0.25
liter would be lost below the root zone. In such a
case the system must be operated in bursts of 3
min at a time; long enough to refill 0.25 liter of
holding capacity. The next irrigation would be
required when the plant had transpired this vol-
ume. This high-frequency, low-volume approach
is well adapted to drip irrigation, but, if ignored,
water waste and aquifer contamination, particu-
larly if chemigation is used, is likely.

Still considering coarse soils, what are the
prescriptions to handle the possibility of funnel
flow? Two management practices can be used to
minimize the effects of funnel flow. The first prac-
tice is applying high rates of water. The funneling
only occurs when the flow is slow enough for the
fine layers to carry water laterally under unsatur-
ated conditions, and the high rate of application
lets water cross through the fine layers into the
coarse. The second practice is applying water for
a short duration with high frequency. Irrigating to
keep the top 30 cm well wetted would be suitable
for most annual crops. If a longer period of irriga-
tion is used, the water will end up being restricted
by an upper, fine layer, then funneled by a lower,
fine layer. The worst prescription for sites with
layered soils is slow over-irrigation.

In the case of finer, structured soils,
macropore flow must be avoided. Macropore flow
occurs when water isappliedat rates thatapproach
the infiltration capacity of the soil in a given
horizon. In this case, the prescription is exactly
opposite of that for coarse soils: apply the water as
slowly as required to avoid saturating the soil. In
the case of a clay soil, macropore flow was elimi-
nated by reducing the irrigation rate to 0.0003
m-h' (Selker et al., 1995). These extremely low
rates of irrigation may be achieved by pulsing the
irrigation system or by using emitters designed to
provide continuous low-rate irrigation,

Conclusions

Many aquifers have been contaminated
through ignorance of the possibility of rapid flow
of water through soils. Such preferential flow can
be avoided by following a few simple rules that
depend on the nature of the soil at the site. These
rules are different from what one might expect
using native intuition, and thus have long been
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violated by irrigation system designersand opera-
tors When understood, preferential flow can be
avoided to save water and protect aquifers under-
lying agricultural lands.
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